Abstract: Unlike for animal and plant development, the molecular processes involved in shaping the multicellular fruiting bodies of fungi are almost unknown. Especially, the interplay between the mycelium, the maternal tissues and zygotic ones are seldom investigated. Here, I summarized simple genetic methods that permit to allocate site(s) of action for genes whose mutations block fruiting body development. These involve the formation of genetic mosaics and grafting, as used for many decades to study embryo development in animals and plants. They are easily implemented without the requirement of complex equipment. Yet, they provide useful information when one wants to order genes into pathways acting during fruiting body production. Examples taken from the study of the model ascomycete Podospora anserina illustrate how they can be interpreted.
INTRODUCTION
The "higher" fungi (i.e., the Ascomycota and Basidiomycota) are able to differentiate complex multicellular structures to ensure efficient dispersal (Fig. 1 ). Yet, unlike animals and plants, in which the molecular mechanisms involved in shaping the multicellular structures are now well-known, the pathways involved in building fungal fruiting bodies remained to be elucidated. Though numerous mutants lacking mature fruiting bodies are available [1, 2] , few have been studied up to the point where the actual function during development of the mutated genes they contain has been determined. Simple genetic techniques similar to those used to study development in animals and plants, namely genetic grafting and mosaic analyses, can also be used in fungi to study the building of sporophores. The aim of this paper is to present these methods and what can be deduced from the results. Examples will mostly be taken from my favorite fungus P. anserina, a coprophilous ascomycete that is well-suited to study the development of the fruiting body. A great advantage is that its complete life cycle takes only seven days and the maturation of fruiting body from fertilization to ascospore discharge lasts four days (for a review on the biology and genetics of P. anserina see [3] ). The P. anserina genome sequence is available [4, 5] and methods to rapidly inactivate or overexpress genes have been designed [3] . Classical genetic studies provided numerous mutants affecting fruiting body development [6, 7] . This organism is thus perfectly suited for extensive analysis of fruiting body development using molecular genetics (see for example [8, 9] ). In this species, *Address correspondence to this author at the Univ Paris Diderot, Sorbonne Paris Cité, Laboratoire Interdisciplinaire des Energies de Demain, case courrier 7040 Lamarck, 75205 Paris CEDEX 13 France; Tel: 33 1 57 27 84 72; E-mail: philippe.silar@univ-paris-diderot.fr the fruiting body (Fig. 1H) is a small flask-shape structure called a perithecium, which matures after the fertilization of the female gamete (ascogonium) by a male one (spermatium). In P. anserina, the ascogonium is rapidly surrounded by maternal hyphae for protection, often before fertilization. The resulting female gametangium is called protoperithecium and provides haploid maternal nuclei and the cytoplasm for the zygotic tissue, including mitochondria. The male gamete provides during fertilization a single paternal nucleus. In P. anserina, a fruiting body always originates from a single fertilization event. However, the male nucleus divides in the fertilized gametangium to yield a multinucleated cell with many nuclei of either paternal or maternal origins. From this multinucleated cell, paternal/maternal pairs of nuclei enter a lineage that will ultimately produce the asci. After fertilization, further maturation of the maternal tissue will give rise to the peridium of the fruiting body as well as the sterile tissue of the centrum (e.g., the nourishing cells located at the bottom of the ascus and the paraphyses), which is embedded with the zygotic one that results from fertilization. This type of development is called ascohymenial and is typical of the majority of filamentous ascomycetes (i.e., all of them except the Dothideomycetes and a few other species). Analysis may be somewhat different in ascolocular ascomycetes (e.g., the Dothideomycetes for which the fruiting body develops before the gametes) and the Basidiomycota (for which there are no maternal/paternal progenitors). However, the same methods can be applied with these fungi and will yield similar results.
are easily dislodged by water, whereas ascogonia are tightly bound to the mycelium. Supernatants of Petri plates flooded with water contain only spermatia that can be used to fertilize ascogonia, simply by pouring them onto mycelia of opposite mating type. Many P. anserina mutants affecting perithecium development are available. Like sterile mutants of other fungi, they are potentially blocked at many stages of fruiting body production or maturation. Firstly, the mycelium may be unable to initiate perithecium development, as maturation likely requires nutrients and energy that is provided through underlying hyphae. An unhealthy mycelium (e.g., with a defects in amino acid biosynthesis, protein polymerization, respiration, etc.) often results in sterility. Secondly, gametes may not be properly differentiated. Thirdly, fertilization may be blocked before or after gamete recognition. Finally, maturation of the fruiting body may be impaired either because the zygotic tissue is impaired or because the maternal tissue is compromised. Microscopic examination can determine whether gametes are differentiated or not, but is of little help in determining whether defects in the mycelium, the maternal or the zygotic tissues are responsible for sterility. The methods discussed here may be used to determine at which step development is impaired. Importantly, they do not require complex tools to be set up. [10] . Since then, nothing appears to have been published on the subject. The primary interest was to understand renewed fruiting (the fact that fragments of carpophores yield new crops of fructifications faster than mycelia), transfers of nutrients within the fruiting bodies or the commitment of particular tissue of the fruiting bodies to complete differentiation. More recently, I showed that P. anserina whole perithecia can be grafted onto self and non-self mycelia [11] . This is very easy to do. One only has to lift gently with a needle a developing fruiting body, along with the smallest amount of underlying hyphae, and put the graft onto another mycelium. Note that, for P. anserina, injured fruiting bodies stop their maturation, showing that grafting parts of perithecia together would not result in proper development. However, it is highly likely that grafting of whole fruiting bodies can be implemented in many species and in some of them grafting together pieces of fruiting body may prove successful (e.g., in Pezizomycetes, where fruiting bodies appear less constrained).
GRAFTING ANALYSIS
Grafting enables following transfer of materials and resources from the mycelium into the maturing fruiting body. For example, the transfer of mitochondrial proteins to two-day old perithecia grafted onto a mycelium producing a GFP targeted to the mitochondria, mito-GFP [12] is depicted in (Fig. 2) . As previously described for the su12-GFP protein [11] , which labels functional ribosomes [13] , transfer of mito-GFP can be observed in some of the cells that are of maternal origin (e.g., nourishing cells and, not shown on the Fig. 2 , cells from the peridium), but not in zygotic cells such as asci. Nevertheless, apart from tracing components entering (or exiting) the fruiting body, grafting experiments may also give some answers regarding the role of genes in the mycelium versus in the fruiting body during development (Fig. 3) . Indeed, if after grafting wild-type fructifications onto mutant mycelia, the maturation is arrested, this argues that the mutant gene is necessary at least in the mycelium, while if development continues the gene is dispensable. Similarly, if mutant fruiting body can be obtained (e.g., for mutants arrested late in the maturation process), grafting them onto wild-type mycelium, should answer whether the mutant gene is required in the fruiting body or not. In this way, we have studied the role of the genes IDC1 (coding a large protein of unknown function), PaMpk1 and PaMpk2 (both coding for MAP kinases), as well as PaNox1 (coding a catalytic subunit of a NADPH oxidase) and PaNoxR (coding a cytosolic regulator of PaNox1). All these mutants do not form any fruiting body, although they differentiate male and female gametes [11, 14] . We also studied a mutant of PaAlr1, which codes for a magnesium transporter. The PaAlr1 mutant is arrested at the precise stage where asci are formed, but ascospores still contain only two nuclei, i.e., just after the delimitation of the ascospores [4] . Indeed, in P. anserina, ascospores are delimited around two nuclei, which further divide when the ascospores mature [15] . A typical mature ascospore contains around 30 nuclei. We found that PaMpk1, PaMpk2 and IDC1 are required in the mycelium, while PaNox1, PaNoxR and PaAlr1 are not. Moreover, PaAlr1 perithecia grafted onto wild-type mycelium still arrest their development, showing that PaAlr1 act autonomously in perithecia (Fig. 3  and [4] ). We also analyzed the defect in the shape of perithecia of the pah1 mutant affected in the homeodomain transcription factor pah1 ( pah1 perithecia are more roundish and covered with shorter hairs), as well as the lack of beak in the pah2 and pah5 mutants, affected in the pah2 and pah5 homeodomain transcription factors respectively [8] . The beak is the dark structure visible in (Fig. 1H) at the top of the fruiting body. It contains an ostiole that allows ascospore discharge. In the three cases, grafting did not eliminate the defects, showing that the homeobox genes act autonomously in the maturing fruiting bodies.
Alone, grafting experiments are not sufficient to provide all the answers regarding the role of the mycelium vs the fruiting body, but combined with the mosaic experiments explained below, a good idea of the role of the gene can be gathered.
MOSAIC ANALYSIS WITH AUTONOMOUS PIGMENT-LESS MUTANTS
Another simple way to assess the involvement of the maternal/zygotic tissue of the fruiting body versus the Fig. (2) . Entry of mito-GFP into the fruiting body. Mito-GFP is a chimaeric protein composed of a mitochondrial targeting sequence fused to the eGFP coding sequence and controlled by the P. anserina constitutive gpd promoter [12] . (A) In a cross where both parents express the protein, fluorescence can be detected in all tissues of the centrum, including asci where fluorescence is intense. (B) When a 2-day old wild-type perithecium (lacking the protein) is grafted onto a mycelium expressing mito-GFP, the protein is transferred to the nourishing cells located at the bottom of the centrum, but not to the asci or paraphyses. (C) If the grafting is made on a het-s mycelium having vegetative incompatibility with the grafted perithecia taken from a het-s mycelium, no mito-GFP is transferred, although the fruiting bodies continue their development and ascospores are produced.
Fig. (3). Grafting with mutants.
At the top is depicted all the grafting combinations and outcomes possible between wild type and mutants. At the bottom left are shown results of grafting wild-type perithecia onto various recipient mycelia. To this end, perithecia obtained two days after fertilization were lifted with a needle from the donor mycelium, taking as less neighboring hyphae as possible, and gently deposited on the recipient one. They were then incubated two more days before the pictures were taken. Grafting onto the PaMpk1 mutant arrests maturation (as seen by the lack of hair -setae -on the graft), while grafting onto the IDC 343 mutant affected in the PaNox1 gene does not. From these data it can be concluded that the PaMpk1 gene is likely required in the mycelium, while PaNox1 is likely not. At the bottom right is a rosette of asci of PaAlr1 perithecium grafted onto a wild-type mycelium. All asci have arrested their maturation (no darkly-colored ascospore is visible) showing that PaAlr1 is required in the fruiting body for proper development.
mycelium is through the analysis of genetic mosaics with pigment-less mutants [16] . Such mosaics are easily obtained by mixing together hyphae from both partners in a microtube with a pestle or an apparatus such as a Fastprep (MP Biomedicals). For this analysis, the color-less mutations must be autonomous, meaning that pigments from neighboring wild-type cells will not diffuse into the mutant ones when mixed together. This allows tracing in mature perithecia the origin (either wild-type or mutant) of the cells. When mixed heterokaryons of wild type and pigment-less mutant are incubated, three kinds of perithecia may be produced: those with only dark cells, those with only pigment-less cells and mosaic ones containing both kinds of cells. In P. anserina, we routinely use the PaPks1-193 mutant lacking the polyketide synthase that acts at the first step of melanin biosynthesis [17] in association with developmental mutants arrested early during development (Fig. 4) . In the conditions we used, mosaic perithecia are rare, indicating that few initial nuclei participate in the formation of the maternal tissues of the fruiting bodies. Depending upon the mode of action of the gene, we obtain either a mixture of dark and light perithecia or only light perithecia. In the former case, dark perithecia can only be made up from mutant hyphae (as the mutant does not contain the PaPks1-193 mutation) and hence the mutated gene is not required inside the perithecia. Its most likely place of action is therefore the mycelium. On the contrary, recovery of only light perithecia show that perithecia containing mutant cells cannot mature and therefore that the mutated gene is required inside the fruiting body. Note that recovery of high numbers of mosaic perithecia would indicate a non-autonomous action of the mutated gene, i.e., only a fraction of the cells from the fruiting bodies being wild-type would be sufficient to promote normal development, possibly because the product of the wild-type gene would diffuse in the whole fruiting body. We have used this method to analyze mutants of the PaNox1, PaNoxR, PaMpk1, PaMpk2 and IDC1 genes [14, 16, 18, 19] . The results confirmed and completed those of the grafting analysis: PaMpk1 and PaMpk2 are not required in the perithecium, but only in the mycelium; PaNox1 and PaNoxR are required only in the fruiting body and IDC1 is required in both the mycelium and the fruiting body.
Mosaics can be implemented in many other fungi. The first use of such analysis was made in Neurospora crassa, in which a per-1 mutant affected in fruiting body pigmentation has been used to trace the origin of the different parts of the perithecium [20] . In these early analyses, no developmental mutant was involved. Later, the biA1 and cl3 mutants were used for a similar analysis of cleistothecium ontogeny in Aspergillus nidulans [21] . This species is homothallic and fruiting bodies can results from self or non-self fertilizations. biA1 confers in an autonomous manner a blue color to the cleistothecium wall and cl3 fruiting bodies lack color, though both mutants act non-autonomously on ascospore color, i.e., ascospores have the color of the cleistothecium wall irrespective of their genotype [22] . These mutants were thus used to follow whether fertilization are self or non-self and to estimate the number of nuclei at the origin of cleistothecia (the estimated number was two nuclei). However, more recently, Bruggeman et al. [23] used biA1 and clB6 (another colorless mutant), along with mitochondrial markers to analyze vegetatively-compatible and vegetatively-incompatible crosses. They show that it is really possible to trace the paternal or maternal origin of the genetic constituents of cleistothecia only in vegetatively- incompatible crosses. They tested in such crosses four recessive sexual sporulation mutants, but only to ensure that they could act as both male and female in crosses. However, true mosaic analysis was carried out for the rcoA mutant of Aspergillus nidulans with blA1 [24] to show that the rcoA gene is required in the cleistothecial wall. True mosaic analysis has also been used in Cochliobolus heterotrophus using the albino mutant [25] to study the role of the Mps1 MAP Kinase, which is the orthologue of PaMpk1 in this species. While Mps1 x Mps1 crosses are sterile, Mps1 x albino ones produce both dark and light pseudothecia. The data can be interpreted as for PaMpk1: Mps1 is required in the mycelium to promote fruiting body maturation. Note that C. heterostrophus is a member of the Dothideomycetes with an ascolocular development. It is quite notable that the orthologous MAP kinases seem to have a very similar role in such widely divergent species with radically different ontogeny of the fruiting bodies.
MOSAIC ANALYSIS WITH THE MAT MUTANT
While grafting and mosaics with autonomous color mutant give valuable information regarding the mycelium vs the fruiting body, they do not give much information regarding the maternal tissues vs the zygotic ones (although the A. nidulans color mutants can be used for such analysis, see [24] ). This can be obtained in P. anserina thanks to another kind of mosaics, those with mat mutants. The mat locus controls the mating type determination in P. anserina and other heterothallic fungi. In P. anserina, deletion of the locus results in strains unable to fertilize or to be fertilized, but that otherwise display a wild-type vegetative phenotype [26] . Importantly, although mat hyphae cannot be present in the zygotic tissues resulting from fertilization, they can be recruited in the maternal ones, especially in the peridium [19] . They can this way rescue mutants that are impaired in their maternal tissues, but not those affected in the zygotic ones. To test this, trikaryons are constructed by mixing together mat hyphae with those of the mutant to be tested in both mating types (Fig. 5) . If fertility is restored, the gene altered in the mutant is not required in the zygotic tissues, but in the maternal ones. Conversely, perithecia will arrest at a precise stage if the gene is required at this stage in the zygotic tissues. We have used this method to analyze the PaMpk1, PaMpk2, PaNox1, PaNoxR, IDC1 mutants [14, 18, 19] confirming and completing previous data: PaMpk1, PaMpk2 are required only in the mycelium, PaNox1 and PaNoxR only in the maternal tissues of the fruiting bodies and IDC1 both in the mycelium and in the maternal tissues. We have also analyzed the pah5 beak defect [8] and showed that it was indeed due to a problem in the maternal tissues, as expected since the beak is made from maternal cells and not zygotic ones. Finally, we also studied the PaAlr1 mutant and showed that the developmental arrest was zygotic, pinpointing a role for this magnesium transporter at a precise stage during maturation inside the ascospores.
CONCLUSION
The simple methods presented here, combined with more sophisticated genetical (espistasis) and cytological analysis should provide important clues to help unravel the molecular pathways directing development of multicellular fruiting bodies in ascomycetes and more generally in fungi. These methods, which were classically used to study animal and plant development, have surprisingly seldom been used in fungi, although they are very easy to implement. Fruiting body mutants are now available for many fungi other than P. anserina, including Sordaria macrospora [27] , N. crassa [28] , A. nidulans [29] and Coprinopsis cinerea (formely Coprinus cinereus) [30, 31] and could be analyzed using similar methods. They are complementary to the now more widespread large scale analyses of transcriptomes during fruiting body development as performed in the ascomycetes Fusarium graminearum and Fusarium verticilloides [32] [33] [34] , N. crassa [35, 36] , S. macrospora [37] , Pyronema confluens [38] , Tuber melanosporum [39] [40] [41] , Cordyceps militaris [42] and Ophiocordyceps sinensis [43] , as well as in the basidiomycetes C. cinerea [44] , Moniliophthora perniciosa [45] , Agrocybe aegerita [46] , Lentinula edodes [47, 48] , Auricularia polytricha [49] and Ganoderma lucidum [50] .
Finally, the methods presented here, especially the mosaics, could be used to revive fertility in some sterile strains, especially those that are used in industrial processes (e.g., Aspergillus niger, Trichoderma reesei, Penicillium chrysogenum, Penicillium roqueforti, etc.), for which prolonged culturing and selection for industrially-efficient strains often results in sterility. Heterokaryosis with fruiting body formation-competent strains inactivated for their mating type and able to provide maternal tissues for fructifications could prove valuable for restoring a complete and efficient sexual cycle in these strains.
